Abstract-Lower limb amputees can use electrical activity from their residual muscles for myoelectric control of a powered prosthesis. The most common approach for myoelectric control is a finite state controller that identifies behavioral states and discrete changes in motor tasks. An alternative approach to state-based myoelectric control is continuous proportional myoelectric control where ongoing electrical activity has a proportional relationship to the prosthetic joint torque or power. To test the potential of continuous proportional myoelectric control for powered lower limb prostheses, we recruited five unilateral transtibial amputees to walk on a treadmill with an experimental powered prosthesis. Subjects walked using the powered prosthesis with and without visual feedback of their control signal in real time. Amputee subjects were able to adapt their residual muscle activation patterns to alter prosthetic ankle mechanics when we provided visual feedback of their myoelectric control signal in real time. During walking with visual feedback, subjects significantly increased their peak prosthetic ankle power ( , ANOVA) and positive work ( , ANOVA) during gait above their prescribed prosthesis values. However, without visual feedback, the subjects did not increase their peak ankle power during push off. These results show that amputee users were able to volitionally alter their prosthesis mechanics during walking, but only when given an explicit goal for their residual muscle motor commands. Future studies that examine the motor and learning capabilities of lower limb amputees using their residual muscles for continuous proportional myoelectric control are needed to determine the viability of integrating continuous high-level control with existing finite state prosthetic controllers.
amputees the ability to freely alter their joint mechanics. With continuous volitional control of their prostheses, amputees could hypothetically improve performance of motor tasks that are currently limited by the lack of high-level control in passive and robotic state-based lower limb prostheses (e.g., standing on toes, jumping, lifting heavy objects from the ground, high-stepping onto surfaces, navigating variable terrain, crossing unpredicted obstacles, recover from unexpected perturbations). There are signal processing and sensor design challenges to overcome before continuous proportional myoelectric control can be reliably implemented in a fully portable lower limb prosthesis that can be used long term. However, we can begin now to explore whether using residual muscles to directly control prosthetic joint mechanics in a continuous manner during locomotion is a possibility for future prosthesis control.
The traditional approach for myoelectric control of powered prostheses is to use finite state controllers [1] [2] [3] . Typical state-based controllers for powered lower limb prostheses use intrinsic sensing to detect transition phases into a finite state, where each finite state is defined by a set of parameters that alter the mechanics (e.g., impedance) of the prosthesis [4] [5] [6] [7] [8] [9] . More recently, some groups have begun integrating proportional myoelectric aspects into traditional myoelectric state control and intrinsic sensor state control for both below-the-knee and above-the-knee prostheses [10] [11] [12] . For example, Hugh Herr's group at the Massachusetts Institute of Technology (MIT) developed a myoelectric controller within their finite state controller for their powered ankle that allows the amputee to modulate the amount of torque generated about the ankle during the powered plantar flexion state [11] , [12] . Here, the user has volitional control during one finite state. While the feasibility of state-based myoelectric controllers during walking has been demonstrated, there is still potential for more continuous myoelectric controllers to provide expanded options to amputees using powered prostheses.
In a recent study, we demonstrated that one unilateral transtibial amputee subject was able to adapt his residual muscle to control prosthetic ankle mechanics during walking using continuous proportional myoelectric control [13] . Our results showed that within a short time (i.e., 30 min) the amputee was able to generate prosthetic ankle power similar to his intact side. However, we only demonstrated this with one transtibial amputee subject and are uncertain whether other transtibial amputees would adapt their residual muscle activation patterns similarly when walking with the powered prosthesis. In addition, the length of training and type of feedback might affect the locomotor adaptation. The purpose of this study was to determine whether transtibial amputees would adapt their residual muscle activation patterns to alter ankle mechanics when using continuous myoelectric control to generate ankle torque during walking. We recruited five unilateral transtibial amputees to walk with an experimental powered prosthesis using their residual muscle for continuous proportional myoelectric control. We asked the subjects to perform a controlled locomotor task of walking on the treadmill at a single speed to examine feasibility. In one testing condition we subjects practiced walking with only verbal feedback. We added a second testing condition with visual feedback of the control signal to see if that affected motor adaptation.
II. METHODS

A. Experimental Powered Prosthesis
We used an experimental powered prosthesis with pneumatic artificial dorsiflexor and plantar flexor muscles to implement continuous proportional myoelectric control of plantar flexion during treadmill walking [13] . Fig. 1 shows an amputee subject walking with the experimental powered prosthesis. We controlled the inflation of the artificial plantar flexor muscles using three proportional pressure controllers (MAC Valves, Wixom, MI, USA) per muscle. We maintained constant pressure in the artificial dorsiflexor muscles using one proportional pressure controller per muscle. The input signal for each pressure controller spanned 0-10 V (0-90 psi). A 10-V control signal corresponded to approximately 175 N-m for a pair of pneumatic artificial muscles.
Mechanical properties of the experimental powered prosthesis including tension-length curves and force bandwidth can be found in our previously published technical brief [13] . We interfaced MATLAB/Simulink with a controller board (dSPACE, Inc., Northville, MI, USA) to compute and send input signals to the pressure controllers in real time. We sent a baseline signal to the plantar flexor pressure controllers (2 V) and constant signal to the dorsiflexor pressure controllers (3.5 V) to achieve set-point ankle stiffness at the neutral (locked) ankle position. The set-point ankle stiffness was the same across subjects.
The inflation pressure of the artificial plantar flexor muscles above baseline was proportional to the residual gastrocnemius electromyography (EMG) signal. Therefore, residual muscle activation always produced net plantar flexion torque. To generate a continuous proportional myoelectric control signal we processed the residual EMG in real time. We high-pass filtered the EMG signal (second order Butterworth, high pass, 100 Hz) to attenuate signal artifacts. Then we rectified the high-passed signal (full wave) and low-pass filtered the rectified signal (second order Butterworth, low pass, 4 Hz) to produce a smooth control signal. We applied a subject-specific gain to the smoothed signal in order to scale the output (EMG) range to the input range of the pressure controllers.
We set an initial controller gain for each subject at the beginning of each testing session so that a sustained moderate residual muscle contraction (50%-75% of maximum) during standing produced a control signal that fluctuated between 9-10 V. We allowed subjects to adjust the gain throughout their testing sessions. Between walking trials, we asked the subjects if they wanted to increase or decrease the gain for the next trial. During walking trials, we asked to subjects to use hand gestures to indicate if they wanted us to increase or decrease the gain. A higher controller gain would allow subjects to generate greater peak ankle power using lower residual muscle activation, resulting in a slower rate of muscle fatigue and lower muscular effort. However, a higher controller gain would also amplify perturbations due to involuntary muscle activation. Typically, the subjects chose to decrease the controller gain during earlier trials and increase the gain gradually as they started adapting their residual muscle activations and feeling more confident walking with the powered prosthesis.
The baseline performance of the powered prosthesis without volitional control is below that of the amputee's prescribed (passive) prosthesis. Fig. 2 shows prosthetic ankle angle, moment, and power curves from an exemplary amputee subject walking with the powered prosthesis at 1.0 m/s with and without continuous proportional myoelectric control. Data shown in Fig. 2 was recorded during an experiment from our previous study using the same experimental powered prosthesis [13] . Nominal inflation pressures of the pneumatic artificial dorsiflexor and plantar [13] . Large difference in performance (i.e., peak ankle power) between the powered prosthesis with no control (passive) versus with control (i.e., volitional). Shaded area is mean 2SD of 10 consecutive cycles.
flexor muscles and muscle attachment points were similar to those used in this study. Therefore, the passive mechanics of the powered prosthesis shown in Fig. 2 are representative of the baseline performance of the powered prosthesis used in this study.
B. Sensors
We recorded surface EMG from either the residual medial or lateral gastrocnemius muscle at 1000 Hz using preamplifier electrodes (Biometrics Ltd, Newport, U.K.) using similar methods described in our previous work [14] . We palpated the residual gastrocnemius muscles and chose a recording site over the muscle that was more prominent during a sustained voluntary muscle contraction.
In addition to surface EMG, we recorded lower-limb segment kinematics at 100 Hz using a Vicon Motion Capture system (Vicon, Lake Forest, CA, USA) and force plate data at 1000 Hz using a split-belt force-measuring treadmill (Bertec, Columbus, OH, USA). Using this data, we were able to calculate ankle angle, ground reaction force, center of pressure, and ankle moment. For the prosthetic side, we defined the ankle joint center from a motion capture marker placed at the prosthetic ankle center of rotation. For the intact side, we estimated the ankle joint center from a motion capture marker place on the lateral malleolus.
C. Subject Testing
We recruited five unilateral transtibial amputees to walk on a treadmill at 1.0 m/s while wearing the experimental powered prosthesis using continuous proportional myoelectric control [13] . All subjects were K3 ambulators and used passive prescribed prostheses. Before starting testing, we confirmed via palpation that the subjects were able to contract their residual muscles volitionally. Subjects provided informed written consent to a protocol previously approved by the University of Michigan Institutional Review Board for the Protection of Human Subjects. Subject characteristics are listed in Table I . Subjects wore their prescribed prosthetic liner and socket with the experimental powered prosthesis. A certified prosthetist from the University of Michigan Orthotics and Prosthetics Center determined proper socket alignment for each subject. We required subjects to wear a body weight support harness (providing no active support) while walking to prevent falls and reduce potential stress associated with the risk of falling.
All subjects participated in two testing blocks separated by six months. Each testing block spanned one month. In the first testing block, subjects walked with the powered prosthesis with no visual feedback display. In the second testing block, we provided subjects with a visual feedback display of their control signal in real time. Our initial study design (i.e., first testing block) did not include visual feedback. However, results from the first testing block showed that the subjects did not adapt their residual muscle activation patterns when walking with the powered prosthesis using continuous volitional control. We expanded the study to include visual feedback (i.e., second testing block) in order to determine if the subjects would adapt their activation patterns when provided an explicit goal or, whether subjects simply were unable to adapt their activation patterns during walking.
Subjects averaged 3.5 h of cumulative walking time (testing blocks 1 and 2 combined). Table II shows the break down of the walking time per subject. Set-up time, residual muscle fatigue, and sensor noise issues limited the amount of data we were able to collect per session. A typical walking trial was 5 min of continuous walking. We ended the trial before 5 min if the subject fatigued or we encountered signal noise. We extended the trial beyond 5 min if the subject was not fatigued and had a strong desire to continue walking. We limited all trials to 10 min. We required a minimum of 2 min of rest between trials and allowed subjects to rest longer if they still felt fatigued.
Throughout the first testing block, we verbally instructed the subjects on how to activate their residual muscle to control the powered prosthesis. We told them to keep their residual muscle relaxed throughout swing and to gradually ramp up their residual muscle activation throughout stance. We also indicated that their peak activation should occur towards the end of stance. We offered additional verbal instruction if we thought it would help the subject understand how to control the prosthesis better or if the subject asked for guidance. We did not give the subjects an explicit goal of increased their prosthetic ankle power, but suggested that they might try to use the powered prosthesis to walk more symmetrically if they wanted.
During the second testing block, we provided subjects with visual feedback of their myoelectric control signal and a target area in real time. The visual feedback was displayed on a computer monitor fixed to the body weight support system at a height where the subject felt comfortable looking at the display while walking. Fig. 3 shows the visual feedback display in detail. The shape of the target area was determined from digitizing and curve-fitting normative gastrocnemius medialis EMG during 1.0 m/s walking [15] . We instructed subjects to activate their residual muscle to generate a control signal within the target area that followed the general shape of the curve (e.g., not a plateau). We encouraged the subjects to explore the entire target area (e.g., lower peaks versus higher peaks), emphasizing that the goal wasn't to follow the centerline of the target area. We also told the subjects that a control signal with a peak near the upper boundary of the target area would generate much more ankle power than what they would normally generate with their intact ankle.
Before walking with the visual feedback using the powered prosthesis, subjects wore their prescribed prosthesis and walked with the visual feedback to become familiar with how features of the visual display changed during walking (described in Fig. 3) . No data was recorded during this time. The purpose of having subjects walk with the visual feedback using their prescribed prosthesis was not to train their residual muscle activation, but familiarize subjects with the visual feedback system. All subjects indicated that they understood the information relayed through the visual feedback display within one minute of walking with their prescribed prosthesis.
D. Biomechanics Analysis
For each subject we analyzed data from their final trial on the last day of each testing block. We selected the segment of 20 consecutive strides where the subject generated the most similar control signal across strides. To select the 20 consecutive strides, we segmented the trial using a 20-stride sliding window with a 15-stride overlap and calculated the mean control signal. For each segment, we calculated the cross correlation at zero lag [16] for each stride against the 20-stride mean and selected the trial segment with the highest mean (of 20) cross correlation values. This was necessary because muscle fatigue and motor exploration by the subjects led to relatively high variability across and within the training sessions.
We compared residual limb muscle activation patterns, ankle power, and ankle work across walking conditions (prescribed prosthesis, powered prosthesis with no visual feedback, powered prosthesis with visual feedback). We estimated ankle power as the vector dot product between ankle moment and ankle angular velocity. We estimated external ankle work as the time-integral of the ankle power curve. We analyzed the positive work component to quantify the amount of energy generated by the powered prosthesis for forward propulsion. We also analyzed negative work during early stance.
E. Statistical Analysis
We performed four single-factor repeated measures ANOVAs where the within-subjects factor was walking condition with three levels (prescribed, powered without feedback, powered with feedback) to determine if there were significant differences in 1) peak ankle power, 2) total ankle work, 3) positive ankle work, and 4) negative ankle work between walking conditions. If walking condition was a significant factor , we performed a Tukey's Honestly Significant Difference test to determine which contrasts were significant . 
III. RESULTS
A. Testing Block #1-No Visual Feedback
Without visual feedback, subjects did not adapt their residual muscle activation patterns to alter prosthetic ankle performance during walking (Fig. 4 ). There were no significant differences in peak ankle power or positive ankle work compared to when subjects walked with their prescribed prostheses (Table III) .
B. Testing Block #2-With Visual Feedback
Subjects adapted their residual muscle activation patterns in response to visual feedback. As a result, there was a significant increase in peak ankle power and positive ankle work when subjects walked with the powered prosthesis with visual feedback when compared to their prescribed prosthesis (Table III) . There was also a significant increase in total ankle work when subjects walked using the powered prosthesis and visual feedback compared to their prescribed prosthesis (Table III) . Subjects' control signals appeared similar in shape, but the timing and magnitude of their control signal peaks relative to toe off were variable (Fig. 5) . Consequently, we saw large differences in the magnitude of peak ankle power and variation in the timing of peak power relative to toe off (Fig. 4) .
Although the amputee subjects adapted their residual muscle activation signals when provided visual feedback, they walked with vastly different gait patterns. Differences in gait patterns across subjects are evident in examining each subject's characteristic ankle work loop (Fig. 5) . The subjects' control signals that correspond to the plotted ankle work loops are also shown in Fig. 5 . Three differences between subjects' control signals that align with differences seen in their gait patterns are: 1) magnitude of the control signal at toe off, 2) rate of change of the control signal from heel strike to peak activation, and 3) rate of change of the control signal from peak activation to toe off.
IV. DISCUSSION
Our main finding was that the amputee subjects, in this study, needed visual feedback of their residual muscle activation to alter their prosthetic ankle mechanics while walking with continuous proportional myoelectric control. Without visual feedback, subjects were able to walk with the powered prosthesis, but generated similar ankle mechanics to their prescribed prosthesis. With visual feedback, subjects were able to produce a control signal that resembled the general target shape shown on the visual display, which resulted in increased prosthetic ankle power and ankle work. The right-most column shows each subject's corresponding control signal when walking with visual feedback across the same 20 strides shown for their work loops. Net external ankle work values are given in the lower right corner of the work loops plots. All subjects increased net external ankle work during walking with the powered prosthesis with visual feedback. All but one subject had net positive ankle work when walking with visual feedback. Gait patterns of subjects walking with the powered prosthesis with visual feedback were extremely variable as seen from the stark differences in work loop shapes.
A. Testing Block #1-No Visual Feedback
There are several possibilities why the amputees did not adapt their muscle activation patterns to increase peak ankle power when they were not provided visual feedback. Three possibilities are: 1) the subjects were lacking feedback necessary to know how the powered prosthesis was behaving, 2) the subjects had different objectives while walking with the powered prosthesis (e.g., maintaining or increasing stability), and 3) the subjects walked with the powered prosthesis to mimic dynamics of their passive prescribed prosthesis. It is possible that the subjects did not know what it should feel like when walking with the powered prosthesis (i.e., they did not know how to interpret feedback from the powered prosthesis). Subject A, who had an amputation due to cancer as a child, commented that she had no idea what symmetry should feel like. Subject D, who exhibited the most body awareness, said that the powered prosthesis allowed him to use his left and right sides equally. However, Subject D's ankle mechanics did not reflect his perception. Subject E, who was the most skilled prosthesis user, repeatedly commented that the powered prosthesis gave him better control during the "transition zone" (i.e., foot flat to push off) and said that the powered prosthesis was capable of providing more than enough push off. However, Subject E did not walk with increased ankle power over his prescribed prosthesis in the no feedback condition.
B. Testing Block #2-With Visual Feedback
Providing the subjects with visual feedback of their control signal in real time may have helped to establish a more explicit link between subject's neural commands and prosthetic ankle mechanics. Some subjects indicated that the visual feedback convinced them that they were in direct control of their ankle. Through better understanding of the myoelectric controller, the subjects may have been more likely to integrate the dynamics of the prosthetic-controller system into their motor planning because they more fully explored the motor state space [17] [18] [19] . The direct visual feedback provided reinforcement of the biomechanical consequences of the neural signals they produced. Subjects could sense step-to-step variability and correlate it with the command signal they generated.
Although the subjects' residual muscle control signals were similar to each other with visual feedback, their resulting gait patterns were very different from each other. Additionally, several subjects generated much greater ankle peak power and work using the powered prosthesis compared to their intact side when given a target activation area. It is likely that the subjects were focused predominantly on their prosthetic side and satisfying the motor command goal that we provided them via the visual feedback display rather than optimize their gait. Small differences in timing, magnitude, and shape of the control signal resulted in large differences in the ankle mechanics of the powered prosthesis during walking. Subjects C and D had a sharper peak of high magnitude in their control signal profile compared to Subjects A, B, and E (Fig. 5) . During testing we observed that Subjects C and D were especially focused on hitting the peak of the target area compared to the other subjects. As a result, they may have been contracting their residual muscles more deliberately at push off, resulting in a more pronounced peak in their control signals. Subjects' choice of body posture, intact joint kinematics, and limb loading also contributed to the differences seen across their gait patterns. The force in the artificial pneumatic muscles used for the prosthesis have length-dependent properties that will influence the power output [20] [21] [22] . In addition, the rate of change in activation signal affects power output due to the activation dynamics of the pneumatic muscles.
C. Study Limitations
The biggest limitation was that the subjects walked with the powered prosthesis for a relatively short time. Some subjects told us that they wished they could have had more time walking with the device and felt like they were just beginning to learn how to use the powered prosthesis as the study ended. Another limiting factor that was somewhat surprising was the amount of fatigue experienced by the users. Some of the subjects quickly became fatigued in their residual limb muscles, as they had not been actively controlling those muscles since amputation. While we believe that the large differences in residual muscle fatigue between subjects was primarily due to differences in muscle conditioning, it is possible that the subjects' choice of controller gain was also a factor.
With more walking time, we predict that the subjects would have gradually improved their ability to control their residual muscle activations as a result of specific muscle conditioning from increased practice with the powered prosthesis using continuous proportional myoelectric control. Although the subjects were able to generate residual muscle activation patterns that were within or close to the visual target area, they may not have been generating the "best" control signal shape within the target area. With more practice it is plausible that the subjects would gradually hone in on the "best" control signal shape for their walking style as they continue to explore the control space. Additionally, only after the amputees had longer training with the powered prosthesis would we be able to answer questions related to motor learning (e.g., Do the amputees retain the motor commands they practiced with visual feedback once the visual feedback is removed? Can amputees learn to use incidental sensory feedback to estimate prosthesis-ground contact?)
D. Continuous Versus State-Based Myoelectric Control
Continuous proportional myoelectric control without use of a finite state machine is different than state-based proportional myoelectric control because continuous control (as used in this study) allows the user to modify prosthesis mechanics throughout the entire gait cycle regardless of state (i.e., gait phase). A continuous controller could hypothetically allow the amputee user to 1) make rapid adjustments to prosthesis mechanics to compensate for unexpected changes in the environment and 2) expand their possibilities of motor strategies to complete locomotor and discrete tasks. A state-based myoelectric controller that is confined to one state (e.g., MIT's hybrid powered ankle [11] , [12] ) only allows the amputee user to control a finite state parameter (e.g., added torque) during a designated time period of the gait cycle. Giving the amputee user control of how much plantar flexion torque is generated during the powered plantar flexion state could allow the amputee to generate more propulsion to walk at faster speeds [12] and transition from walking on level ground to walking down stairs [11] . However, without the ability to modulate ankle mechanics during other times during gait (e.g., early to mid stance and swing) the amputee user is limited in how much they can control their prosthesis behavior.
E. Future Work
Continued research is necessary before we can determine the viability of continuous proportional myoelectric control for lower limb prostheses. Future studies using fully portable powered lower limb prostheses that amputees could wear for extended periods in their everyday lives would allow researchers to examine long-term motor adaptation to continuous proportional myoelectric control. There are several lower limb prostheses that could be adapted for this purpose [6] , [9] , [12] , [23] , [24] . Ongoing developments of electromyography sensors that are resilient to artifacts due to residual limb-socket dynamics (e.g., dynamic loading) and can be wirelessly integrated with prosthetic interfaces (e.g., intramuscular electromyography sensors [25] , [26] ) are needed to improve the overall quality and reliability of myoelectric control for powered lower limb prostheses. Furthermore, the capability of amputees to learn how to use continuous proportional myoelectric control during locomotion depends on our ability to improve closed-loop control of powered lower limb prostheses [27] .
V. CONCLUSION
In this study, we demonstrated that it was possible for transtibial amputees to walk with a powered lower limb prosthesis using their residual muscle activation signals for continuous proportional myoelectric control of plantar flexion. We demonstrated that the amputees were able to modify their motor commands when we provided them with an explicit goal via real-time visual feedback of their control signal. Without visual feedback, the subjects did not change their prosthetic ankle mechanics during walking. These results suggest that there is potential for lower limb amputees to learn how to use continuous proportional myoelectric control for high-level control of prosthesis mechanics during locomotion. However, continued research is needed to assess feasibility.
